Abstract: A single patch resonator with right crossed slots and rectangular perturbation is proposed to implement a dual-mode dual-band bandpass filter. The first resonance varies with the width and length change of the slots leading to a flexibly tuned first passband during the design phase. The second resonance is not perturbed because of the right crossed slots. The rectangular perturbation located at the diagonal creates transmission zeros near the first passband edges while the spur-lines generate transmission zeros near the second passband so as to achieve higher frequency selectivity. Therefore the bandwidths of the two passbands can be tuned independently. A dual-mode dual-band filer operating at 1.57 and 5.2 GHz for GPS and WLAN application is designed and manufactured for demonstration. Good agreements are found between simulation and measurements. Keywords: bandpass filter, dual-band, dual-mode, right crossed slots Classification: Microwave and millimeter wave devices, circuits, and systems
Introduction
As a key circuit block in a modern multiservice communication system, dual-band filters have been exploited extensively. The compactness, good passband performance and high selectivity are the features designers always pursuing. Recently, dualmode filters have been an attractive solution for dual-band applications due to its intrinsic compactness and dual-band characteristic. Different approaches in designing dual-mode dual-band filters are proposed using ring resonators [1, 2, 3] , stubloaded resonators [4, 5] , slotted patch resonators [6, 7, 8, 9, 10] , and resonators with other different structures [11, 12] . Among these dual-band dual-mode approaches, adjustable frequency ratio is obtained in [2] using microwave C-sections, however the coupling gap is extremely small. In [5] , a dual-band filter with controllable bandwidths is designed by using a square patch with cross slots and two sets of loaded stub. Circular patch resonator with radial-oriented slots is also used to design a dual-mode dual-band bandpass filter (BPF) by utilizing the degenerate modes [9] . In both cases, the tunable frequency ratios are limited. In [10] , a pair of slits is introduced in a square patch resonator. The slits generate a transmission zero to separate a passband to form the dual band, however the two passbands are closed restrictively.
In this paper, a dual-mode dual-band BPF is designed by using a patch resonator with right crossed slots and rectangular perturbation. The paper uses a similar structure as proposed in [13] and put forward some innovation in the structure to expand the range of filter application. Two spur-lines are introduced to create transmission zeros near the second passband edges to improve the frequency selectivity, while the transmission zeros near the first passband are obtained via the rectangular perturbation located at the patch diagonal. The fundamental resonance varies with the width and length of slots, while the second resonance is only slightly perturbed because of the right crossed slots. Therefore this design has an adjustable first passband and a fixed second passband. The slots also change the surface current distribution which miniaturizes the resonator. Measured results of a fabricated filter operating at 1.57 and 5.2 GHz verify the proposed design principle.
Analysis on the proposed resonator
The schematic of the proposed resonator with right crossed slots is shown in Fig. 1 .
A pair of right crossed slots is etched in the center of the patch surface and a rectangular perturbation is at the symmetric plane. Two 50 Ω input and output feeding lines are tapped at the resonator. The length l of the patch resonator is selected as half of the guided wavelength at fundamental frequency. The second resonance frequency is determined by l. Two spur-lines are employed in the feeding lines to generate transmission zeros with their inherited compactness. The right crossed slots etched in the center of the patch together with the rectangular perturbation located at the symmetrical line are used to generate the two modes in the passband. Therefore the proposed filter design has dual-mode dual-band property. The slots also reroute the current distribution and increase the length of the current path. A filter is fabricated on a commercially available substrate with h ¼ 0:8 mm and " r ¼ 2:65. Fig. 2 shows the S21 of the patch filter with rectangle and triangle cut perturbation shapes at the diagonal. The two filters have identical dimensions except the different perturbation shape. As demonstrated in Fig. 2 , the filter with a rectangular perturbation forms two transmission zeros on the two sides of the first passband and enhances its selectivity. Meanwhile, the length t of the perturbed rectangle also controls the coupling between the two orthogonal modes.
The perturbation lengths effect on the S11 and S21 of the first passband is depicted in Fig. 3(a) and (b) . It is seen from Fig. 3(a) that the coupling between the degenerated modes is produced by increasing the perturbation length t. Greater split between modes is also observed at larger t. Fig. 3(b) shows that the lower transmission zero of the first passband is decreased as the length t increases. The bandwidth of the first passband can be adjusted when changing the length t. Fig. 3(c) and (d) show the S21 as a function of frequency at different length (c) and width (d) of the crossed slots. It is seen that the first resonance increases with decreasing slot length s and width w, while the second resonance remains unchanged. This makes it possible to adjust the first resonant passband without altering the second one. As such, the rectangle length and dimensions of the slots can be properly tuned to satisfy the coupling degrees and achieve the desired transmission performance in dual passbands.
The selectivity of the second passband of the above filter is further improved by adding two spur-lines in the design so as to create two transmission zeros on both sides of the second passband. As shown in Fig. 3(e) , transmission zeros can be created by the spur-line section. The lengths j and u2 of the two spur-lines determine the frequency of the transmission zeros. They equal to quarter wave- lengths of the two frequencies. Hence, the transmission zeros of the second passband can be controlled independently. By adjusting j and u2, the bandwidth of the second passband can be tuned to achieve desired selectivity of the filter. It is also observed that changing the spur-line lengths has little impact on the first passband. The current distribution of the patch resonator may explain the phenomenon that the first passband is adjustable while the second passband is unchanged. Fig. 4 shows the current distribution of the resonator with right crossed slots. The currents of the fundamental resonance are primarily distributed along the horizontal slot edges, while the currents of the second resonance are distributed averagely on the patch surface. Therefore the right crossed slots influence the current distribution of the fundamental resonance and have little impact on the second resonance.
Filter design and experimental result
The proposed dual-mode dual-band filter is fabricated. The physical dimensions of the filter are: Fig. 5 shows the simulated and measured frequency responses of the fabricated filter.
It is seen that the measured results are in good agreement with the simulated ones. The center frequencies of the two passbands are at 1.57 GHz and 5.2 GHz, respectively. The 3 dB fractional bandwidths are 11.8% and 7.2%. The measured minimum insertion loss achieves 0.7 dB in the first passband and 1.6 dB in the second passband, while the measured return losses in the dual passbands are both higher than 13 dB. The four expected transmission zeros are located at 1.24, 1.77, 4.85 and 5.72 GHz near the passband edges, which determine the frequency selectivity of the filter. The small deviation between simulation and measurement might be due to the fabrication error and unperfected ground. The proposed approach offers high design flexibility such as independently controlled operating frequencies and bandwidths with simple structure. 
Conclusion
In this paper, a compact single substrate dual-mode dual-band BPF design is proposed with flexibly controlled first passband and fixed second passband. The right crossed slots in the patch excite the two degenerate modes for dual-mode operation and reroute the current distribution of the fundamental frequency. By adding a rectangular perturbation and two spur-lines, four easily controlled transmission zeros can be generated to achieve desired filter selectivity. The measured results prove the design principle very well. The proposed filter will be very useful for dual-band wireless applications. 
